Background: Mucinous prostate cancer (PCa) is an extremely rare form of prostate malignancy. To date, the limited knowledge of its biology and outcomes stems from mostly small, single institution experiences. We analyzed the Surveillance, Epidemiology, and End Results (SEER) database to explore the incidence and treatment of mucinous PCa together with its prognostic factors to gain relatively large and consolidated insights.
INTRODUCTION
Mucinous adenocarcinoma of the prostate (previously referred to as colloid carcinoma of the prostate) is a rare morphological variant of prostate cancer (PCa) that is defined by the presence of at least 25% of the tumor being composed of glands with extraluminal mucin (1, 2) . Approximately 0.2-0.4% of prostatic adenocarcinomas are diagnosed as mucinous adenocarcinoma (3) (4) (5) . The overall low prevalence of mucinous prostatic adenocarcinoma has hindered our understanding of its clinical risk factors and prognosis. The clinical progression of mucinous adenocarcinoma of the prostate relative to typical acinar adenocarcinoma of the prostate, which accounts for more than 90% of PCa (6) , remains controversial due to the scarce data from case reports or small case series (1, 4) . Some studies have suggested that these tumors have a more aggressive behavior than typical acinar adenocarcinoma (7, 8) ; others have shown that these two tumor types to have similar outcomes (9, 10).
Because of conflicting survival data and the lack of population level data, we sought to determine the following: (1) a more accurate age-estimated incidence of mucinous PCa; (2) the general clinical characteristics of mucinous PCa; (3) whether mucinous PCa shows a more adverse prognosis than typical prostate acinar carcinoma; and (4) prognostic factors for cancer-specific survival (CSS) and overall survival (OS) in mucinous PCa; using the Surveillance, Epidemiology, and End Results (SEER) Program of the National Cancer Institute.
PATIENTS AND METHODS

Study Population
The current study relied on the SEER database, which covers ∼26% of the United States (US) population. It is considered representative of the US in terms of demographic composition, cancer incidence and mortality. Two cohorts of patients were created using the SEER program (www.seer.cancer.gov) SEER * Stat Database. One cohort to estimate the incidence was created using the SEER 18 Registries Research Data + Hurricane Katrina Impacted Louisiana Cases, November 2018 Submission (2000-2016) <Katrina/Rita Population Adjustment>. The other cohort to estimate the patient demographics and survival was created using SEER 18 Registries Custom Data (with additional treatment fields), November 2018 Submission (1973-2016 varying) .
The International Classification of Disease for Oncology, 3rd edition (ICD-O-3) was used to identify patients with mucinous PCa (ICD-O-3 codes: 8480/3 and 8481/3) and typical acinar adenocarcinoma of the prostate (ICD-O-3 code: 8140/3), which accounts for more than 90% of PCa (6) . Mucinous PCa and typical prostate acinar carcinoma diagnosed between 2004 and 2016 by histologic confirmation either from biopsy or surgical pathology, rather than by clinical presentation, radiography, autopsy, or death records alone, were selected. In addition, we only included the patients with these tumor sequence numbers labeled "one primary only."
Variable Definitions
Covariates of interest extracted for each case included patients' demographic variables (age at diagnosis, race, and marital status), tumor grade (well-differentiated, moderately differentiated, poorly differentiated, undifferentiated, and unknown), SEER summary stage (localized, regional, and distant), prostate specific antigen (PSA), Gleason score, and treatment modality (surgery, radiation therapy, and chemotherapy).
Statistical Analyses
Incidence rates were analyzed with SEER * Stat Software version 8.3.5 (Surveillance Research Program, National Cancer Institute, seer.cancer.gov/seerstat). Continuous data were compared using Student's t-test, and categorical data were compared using the Chi-square test. To adjust for differences between mucinous PCa and typical acinar adenocarcinoma of the prostate when comparing their prognoses, we performed a propensity score matching (PSM) analysis. The PSM model was based upon age, race, PSA, Gleason score, and SEER summary stage. Survival probabilities were estimated using the Kaplan-Meier method, and the log-rank test was used to assess any significant differences in CSS and OS stratified by each covariate. Cox proportional hazards models were used to analyze associations of patient characteristics and treatment modalities with patient survival. Only variables that were significantly associated with survival in the univariate Cox analysis were included in the multivariate Cox analysis. Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated using univariate and multivariate models. Cancer-specific mortality was further analyzed with competitive risk model, which was better than the Kaplan-Meier method and Cox regression model to some extent. Competitive risk model was performed with the "cmprsk, " "survival, " and "foreign" packages in R software (version 3.6.1). Statistical analysis was performed with SPSS Statistical Package version 25.0 (SPSS Inc., Chicago, IL, USA), and p < 0.05 was considered statistically significant.
RESULTS
Incidence
As shown in Figure 1 , the age-adjusted incidence (AAI) of mucinous PCa over time decreased from 0.3621 per 1,000,000 in 2004 to 0.2393 per 1,000,000 in 2016, with a declining trend. Additionally, as shown in Supplementary Table 1, the percentage of cases of mucinous PCa relative to those of total PCa was between 0.04 and 0.09% over time.
Patient Characteristics
A total of 360 patients diagnosed with mucinous PCa between 2004 and 2016 were identified from the SEER database. Demographic data for mucinous PCa patients is shown in Table 1 . The mean age at diagnosis was 62.77 ± 9.84 years. The majority of patients (79.4%) were white. Most subjects (64.7%) were married. The majority of patients (70.3%) had poorly differentiated tumors. Among 360 included cases, 251 (69.7%), 90 (25.0%), and 18 (5.0%) cases were categorized as localized, regional, and distant stages, respectively. The serum PSA levels of mucinous PCa patients were more frequently <10 ng/ml (55.8%). Nearly half of the patients (49.2%) lacked Gleason score records, and among the remaining 183 patients with Gleason scores information, patients more frequently had a Gleason score of 3 + 4 = 7 or 4 + 3 = 7 (57.9%). Regarding treatment, 65.3% of patients were managed with surgery, 23.9% received radiation therapy, and 6.9% received radiation therapy after surgery.
The demographic and clinical characteristics were compared across summary stages ( Table 2 ) and surgical treatment ( Table 3 ). According to stratification by summary stage, there were no significant differences among mucinous PCa patients in terms of age, marital status, Gleason score, or radiation therapy. However, patients who presented with distant disease were more likely to be black (p = 0.002), more likely to have a serum PSA level ≥20 ng/ml (p < 0.001), less likely to have low tumor grade (well-differentiated or moderately differentiated tumors) (p < 0.001), and less likely to undergo surgical resection (p < 0.001). According to stratification by surgical treatment, there were no significant differences among mucinous PCa patients in terms of Gleason score (p = 0.085). However, patients who underwent surgical resection were more likely to be younger (p < 0.001), white (p = 0.01), and married (p < 0.001), more likely to have serum PSA levels <10 ng/ml (p < 0.001), and less likely to receive radiation therapy (p < 0.001).
Patient Survival
Kaplan-Meier curves for survival in patients with mucinous PCa and typical acinar adenocarcinoma of the prostate, stratified by SEER summary stage, surgery, and radiation therapy are shown in Figure 2 (CSS) and Supplementary Figure 1 (OS), and log-rank analysis revealed that patients with mucinous PCa had similar CSS and OS rates to matched patients with typical acinar adenocarcinoma of the prostate (CSS, p = 0.23; OS, p = 0.208). Patients with mucinous PCa who presented with distant disease had shorter survival than patients with localized and regional disease (CSS, p < 0.001; OS, p < 0.001); patients who underwent surgery had longer survival (CSS, p < 0.001; OS, p < 0.001); and patients who received radiation therapy had similar survival to patients who did not receive radiation therapy (CSS, p = 0.794; OS, p = 0.097). Additionally, on the competitive risk model of surgery ( Figure 3A) , patients who did not receive surgery were associated with significantly higher cancer-specific mortality than surgical patients (p = 0.017). While, patients who did not receive radiation therapy had similar cancer-specific mortality with radiation therapy patients (p = 0.817) ( Figure 3B) . Furthermore, Kaplan-Meier curves for CSS in patients with mucinous PCa, stratified by treatment of surgery & RT after surgery, only surgery, only RT, and no surgery & RT are shown in Supplementary Figure 2 , and log-rank analysis revealed that only surgery and only RT had similar longer CSS than no surgery & RT (only surgery, p < 0.001; only RT, p = 0.045).
Variables potentially influencing CSS were analyzed using univariate and multivariate Cox proportional hazards analysis (Table 4) , older age, PSA ≥20 ng/ml, distant stage, and no surgical treatment were associated with poor prognosis (all p < 0.05). In the multivariate analysis that included age, PSA, summary stage, and surgery as covariates, patients who were older (multivariate HR = 4.982, 95% CI: 1.920-12.930; p = 0.001) and had distant stage disease (multivariate HR = 40.224, 95% CI: 9.090-177.999; p < 0.001) exhibited worse survival outcomes. Interestingly, patients who did not undergo surgery exhibited similar survival outcomes to those who underwent surgery (multivariate HR 1.054, 95% CI: 0.358-3.108; p = 0.924), although they had significantly worse survival outcomes in the univariate analysis (HR = 2.819, 95% CI: 1.205-6.596; p = 0.017). Patients who had PSA levels ≥20 ng/ml exhibited similar survival outcomes to those with PSA levels <20 ng/ml (multivariate HR 1.144, 95% CI: 0.307-4.257; p = 0.841), although they had significantly worse survival outcomes in the univariate analysis (HR = 5.653, 95% CI: 2.103-15.199; p = 0.001). Similarly, variables potentially influencing OS were analyzed also using univariate and multivariate Cox proportional hazards analysis (Supplementary Table 2 ). 
DISCUSSION
Age-Adjusted Incidence Was Extremely Low
Owing to its rarity, very few reports have described this entity, and all contemporary articles are limited to sporadic cases or small sample case series. In the present study, we took advantage of the large data set from the SEER program to investigate the incidence of and prognostic factors for mucinous PCa in the largest series of cases of mucinous PCa reported to date. After adjusting for age, we calculated an incidence rate of <0.5 over million person-years for mucinous PCa over time, with a slightly declining trend. In addition, mucinous PCa accounted for <0.1% of all PCa, which is less than historical reports of 0.2-0.5% (3, 4) . Due to its' rarity, therefore, the declining trend of age-adjusted incidence need to be further validated. Consequently, only a minority of practicing urologists will witness a single case of mucinous PCa in their clinical practice.
Older Age at Diagnosis Was Associated With Poor Survival
According to our results, the mean age of patients with mucinous PCa at diagnosis was 62.77 years, which agrees with Samaratung et al.'s reports of an average age of 61.4 years (9). Our study demonstrated that older age (age > 65 years) was associated with worse prognosis, which is consistent with previous reports of typical PCa (11, 12) . Our study may contribute to the prognosis prediction for this rare histological variant of PCa. The poor prognosis of older patients may be related to the fact that these patients tend to have poor Karnofsky Performance Status (KPS) scores; these patients with low KPS scores often cannot tolerate intensive treatment. Another reason for the worse prognosis is the propensity of higher grade and higher Gleason score in the older patients of mucinous PCa, from our preliminary experiment.
Married Status Was Not Associated With Better Survival
Marital status has been increasingly recognized as an important factor in the survival of cancer patients (13, 14) . In our study, the majority of patients who underwent surgical resection were married (74.5%), possibly due to married patients receiving social and financial support from their families, which tended to lead to the choice of a proactive treatment modality. As reported by previous studies, marital status is a prognostic factor for the survival of PCa patients, as being married was associated with better outcomes (14) . However, we did not observe that marital status affected survival in mucinous PCa patients in our study. It might partly due to the selection bias from treating physicians that offer surgery to younger patients compared with offering RT to older patients (some older patients were classified as "unmarried" because of widowhood).
Gleason Score and PSA Level Did Not Show More Aggressive Features as Previously Suspected
Whether a Gleason score should be assigned to mucinous PCa is a matter of debate, with some pathologists suggesting that all cases of mucinous PCa should be assigned a high Gleason score, while some pathologists support grading mucinous adenocarcinoma of the prostate on the basis of the underlying architectural pattern rather than assuming that all of these tumors are aggressive (1, 4) . Additionally, the 2014 ISUP recommendations for grading mucinous cancers is to grade based upon the underlying architecture (15) (16) (17) . In our study, the Gleason score was determined based on the underlying architecture. In fact, almost half of the patients lacked Gleason score information; for the remaining patients, the Gleason scores of the majority of patients were 3 + 4 = 7 or 4 + 3 = 7. In other words, our study revealed that mucinous PCa did not show more aggressive features as previously suspected. This phenomenon was consistent with the findings of a prior study reported by Samaratunga et al. (9) . Although mucinous PCa is associated with elevated PSA levels, most (57.4%) mucinous PCa patients presented with PSA levels <10 ng/ml, and a small number of patients showed PSA levels ≥20 ng/ml, consistent with prior reports (9, 10). For patients with distant stage disease, the mostly (66.7%) of patients showed PSA levels ≥20 ng/ml. Therefore, high serum PSA levels may be associated with the biological behavior of mucinous PCa, especially with metastatic status. The majority of mucinous PCa patients in our study presented with an early stage of localized (69.72%) resectable disease, consistent with prior reports (10). Our reported rate of distant metastasis for mucinous PCa (5.0%) was lower than that in prior case reports or case series (9, 18).
Mucinous PCa Showed Similar Prognosis to Typical Prostate Adenocarcinoma
Previous studies remain controversial regarding the clinical progression of mucinous PCa. Several studies have considered this tumor to be an aggressive cancer that tends to develop bone metastases, with an associated poor outcome (6) (7) (8) ; several studies have considered that mucinous PCa is not more aggressive and may be even less aggressive than typical prostatic adenocarcinoma (9, 10). Therefore, to determine whether mucinous PCa shows a more adverse prognosis than typical prostate adenocarcinoma, we adjusted for differences in common prognostic predictors between mucinous PCa and typical prostate acinar carcinoma, including age, race, PSA, Gleason score, and SEER summary stage. Interestingly, when total 360 patients with mucinous PCa were compared with a control group of patients with typical prostate acinar adenocarcinoma, mucinous PCa patients had similar survival progression in terms of CSS and OS compared with those with typical prostate acinar carcinoma. Therefore, we can assume that the mucinous are clonally related to typical PCa. Similarly, Johnson et al. revealed that TMPRSS2-ERG is expressed in almost 50% of cases of mucinous PCa and PCa with mucinous features, similar to rates of expression in conventional PCa; therefore, this study strongly suggests that these rare subtypes of PCa are clonally related to conventional PCa (19) .
Our research shows significantly better survival for patients diagnosed with a localized or regional disease than in those with distant disease. Multivariate Cox proportional hazards regression analysis also indicated that SEER summary stage with distant disease is an independent predictor of shorter CSS and OS. In other words, it is vital to make an early stage diagnosis for mucinous PCa. In addition, interestingly, in our cohort with distant disease, half of the patients were black (50.0%). While, due to the distribution of races in the Western population, white patients accounted for almost 80% of patients with nondistant disease (20) . In other words, black patients with mucinous adenocarcinoma presented with more advanced stage disease than white patients, which was similar to the findings of a previous report (21) .
Surgery Was Associated With Better Survival
Regarding treatment for mucinous PCa, no clinical trial has been reported due to the rarity of this disease. Clinically, the treatment for mucinous PCa is similar to that for typical acinar adenocarcinoma, and includes androgen deprivation therapy (ADT), surgery, radiation therapy, chemotherapy, etc. In this study, surgery was the most commonly used treatment modality for non-metastatic mucinous PCa, which is consistent with the findings of a previous report (9). KaplanMeier curves analysis indicates that surgery increased CSS and OS. In addition, from the univariate Cox proportional hazards analysis, our study demonstrated that not receiving surgery was associated with poor prognosis in terms of CSS and OS. However, the multivariate Cox proportional hazards analysis revealed that patients who did not undergo surgery did not exhibit worse survival in terms of CSS and OS. This might be because the factors of older age and distant stage have more weight than a lack of surgery in the multivariate Cox proportional hazards analysis. Because it may exist a selection bias from treating physician that offer surgery to younger and more localized patients compared with radiation therapy.
Radiation therapy was only used in 21.1, 27.8, and 38.9% of cases for localized, regional, and distant stages of mucinous PCa. Younger (≤65 years) patients tended to choose surgery, and only ∼10% of them received radiation therapy as adjuvant therapy. The percentage of patients treated with radiation therapy was relatively low and radiation therapy did not show significant benefits for prolonging CSS and OS. It might because the patients who received RT were more likely to older and distant stage; these two factors were associated with poor survival. KaplanMeier curves for CSS in patients with mucinous PCa stratified by treatment modality revealed that the patients who were treated with RT (RT after surgery and only RT) had similar CSS to the patients who treated with only surgery. Similarly, Guler et al. (22) reported that in mucinous PCa patients, treatment with radiation therapy and ADT contributed to a complete response. The association between RT and prognosis needs to be further verified. In our study, only five patients received chemotherapy, which was always used in the case of castration resistant PCa (CRPC). This finding might indicate that patients seldom develop CRPC over time. Generally, mucinous PCa responds well to hormonal therapy (22) ; however, ADT management information was not documented in the SEER database. Therefore, this study lacks information about ADT regarding the prognosis in terms of CCS and OS.
LIMITATIONS
Similar to other studies that have utilized the SEER database as the data source, our study suffered certain limitations that require clarification for accurate interpretation of the results. Although the SEER data include information regarding the use of surgery, radiation therapy, and chemotherapy, the details of these therapies (i.e., surgical margins, radiation dose and chemotherapy regimen) are not recorded in the database. Additionally, hormone therapy, which may have an important role in the management of mucinous PCa, is not documented in the SEER database. In addition, almost half of the patients lacked information on Gleason scores, which are important for the evaluation of PCa. Finally, although this study examined one of the largest populations of men with mucinous PCa, the overall numbers are limited.
CONCLUSIONS
This report presents the most comprehensive study of mucinous PCa rates and survival figures performed to data. Despite the rarity of mucinous PCa, we used a population-based approach and obtained the following insights: (1) Age-adjusted incidence of mucinous PCa was extremely low, with a slightly declining trend; (2) Mucinous PCa showed a similar prognosis to typical prostate acinar carcinoma; (3) As the most commonly used treatment strategy for non-metastatic mucinous PCa, surgery improved outcome of mucinous PCa, although it is not an independent prognosis of CCS and OS; (4) An older age at diagnosis and distant stage was associated with poor survival.
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